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Abstract 
Plant growth and development are supported by plastic but strong cell walls. These walls 
consist largely of polysaccharides that vary in content and structure. Most of the 
polysaccharides are produced in the Golgi apparatus and are then secreted to the apoplast and 
built into the growing walls. However, the two glucan polymers cellulose and callose are 
synthesized at the plasma membrane by cellulose or callose synthase complexes, respectively. 
Cellulose is the most common cell wall polymer in land plants and provides strength to the 
walls to support directed cell expansion. In contrast, callose is integral to specialized cell 
walls, such as the cell plate that separates dividing cells and growing pollen tube walls, and 
maintains important functions during abiotic and biotic stress responses. The last years have 
seen a dramatic increase in our understanding of how cellulose and callose are manufactured, 
and new factors that regulate the synthases have been identified. Much of this knowledge has 
been amassed via various microscopy-based techniques, including various confocal 
techniques and super-resolution imaging. Here, we summarize and synthesize recent findings 
in the fields of cellulose and callose synthesis in plant biology.  
 
The Plant Cell Wall 
All plant cells are encased by cell walls that provide protection of the plant against 
environmental conditions, dictate cell expansion needed to support plant morphology, and 
DOORZIRUVROXWH WUDQVSRUWEHWZHHQFHOOVDQGIURPDSODQW¶V URRW WR LWVVKRRW >@+HQFH cell 
walls are essential for plants to grow and develop.  
 While cell wall composition and architecture change during development and in 
response to environmental stress, a range of polysaccharides provide the basic cell wall 
structure. The polysaccharides may be divided into two major classes based on their physio-
chemical characteristics; i.e. the homopolysaccharides cellulose and callose, and the 
heteropolysaccharides pectins and hemicelluloses [2,3]. The latter two are referred to as 
matrix polysaccharides and are typically produced in the Golgi apparatus and subsequently 
secreted to the apoplast where they may be modified and incorporated into the growing cell 
wall [2,3]. ,QFRQWUDVWWKHȕ-1,4-JOXFDQFHOOXORVHDQGWKHȕ-1,3-glucan callose are made at the 
plasma membrane by large glucan synthase complexes that are referred to as cellulose 
synthases (CesAs) and callose synthases (CalS or GSL for GLUCAN SYNTHASE-LIKE), 
respectively [4,5]. While cellulose is found in virtually all cell walls in land plants, callose is 
typically made in specialized walls that support cell division, tip growth, pollen and pollen 
tube development, and plasmodesmata function, as well as during responses to environmental 
stress.  
 
Cellulose Synthesis 
Cellulose is synthesized by massive CesA protein complexes that are 40-60 nm in diameter 
[6] and that typically consist of a heterotrimeric CesA core, and associated proteins, at the 
plasma membrane [4] (Fig. 1).  
Cellulose Synthase Assembly and Secretion: The CesA complex is likely assembled in 
the Endoplasmic Reticulum (ER) or Golgi [4]. However, our understanding of what is 
regulating the assembly and the subsequent trafficking of the complex to the plasma 
membrane is very limited. Nevertheless, the recently identified STELLO (STL) proteins that 
interact with the CesAs in the Golgi have at least provided a first ingress on the assembly. 
Impaired STL function led to a redistribution of the CesAs in the Golgi, i.e. from peripheral to 
central Golgi localization, and to a reduction in CesA secretion and thus reduction in cellulose 
production [7*]. Interestingly, less CesA subunits were incorporated into CesA complexes in 
stl mutants, indicating that the STLs work as assembly factors for the CesA complex [7*]. 
Based on point mutations it appears likely that the STLs are glycosyltransferases, though the 
substrate of the STLs remains elusive.  
Once the CesAs are assembled, they may be trafficked to the plasma membrane, 
possibly via the trans-Golgi network (TGN) and small vesicle compartments named 
Microtubule-Associated Cellulose Synthase Compartments (MASCs; [8])/Small CesA 
Compartments (SmaCCs; [9]; Fig. 1), where they typically are inserted in close vicinity to 
cortical microtubules [9]. Apart from the STLs, several factors influence the rate of CesA 
secretion, including the actin cytoskeleton [10], the kinesin FRA1 [11] and the acidification of 
the TGN [12]. Nevertheless, regulatory components that specifically impact CesA trafficking 
remain ill defined. 
Cellulose Synthase at the Plasma Membrane: As alluded to above, the CesAs are 
typically delivered to the plasma membrane in close proximity of cortical microtubules [9]. 
Here, the CesAs are presumably activated by a currently unknown mechanism, and begin to 
track along the microtubules. It is plausible that phosphorylation of the CesAs could play a 
role in the activation. Indeed, mutations of several phosphorylation sites of different CesAs 
affect the tracking behaviour and the speed of the complexes [13-15]. The CesAs use UDP-
glucose as substrate, and the catalytic activity of them is likely the driving force behind the 
motility of the complexes [16**]. Here, individual glucan chains crystallize into cellulose 
fibrils that are entangled by other cell wall polymers. Hence, further synthesis will push the 
CesA complexes forward through the membrane. The speed of the complexes would therefore 
be largely determined by the rate of synthesis, but also depend on other circumstances, such 
as temperature and the stiffness of the membrane and cellulose fibrils [17]. Using functional 
fluorescently-tagged primary wall CesAs, the speeds have been estimated to around 200-350 
nm/min [18 to 21], which is in excellent agreement with theoretical estimates [17]. In 
contrast, measurements of CesA speeds around the columella in seed coats suggest that the 
CesA complexes here move with speeds below 100 nm/min [22]. In addition, fluorescently 
tagged secondary wall CesAs, which produce cellulose to support water-transporting xylem 
elements, migrated faster than the typical primary wall CesAs [23**]. In this outstanding 
study, the authors used a secondary wall inducible line in Arabidopsis thaliana (Arabidopsis) 
seedlings to outline the behaviour of fluorescently-labelled secondary wall CesAs during 
different phases of secondary wall production. 
Another factor that can influence CesA velocity is its association with cortical 
microtubules [21]. Cortical microtubules guide the CesA complex via the protein Cellulose 
Synthase Interacting (CSI)1/POM2 [21,24,25]. Interestingly, the CSI1/POM2 may also 
contribute to the trafficking of the CesAs as the protein seems to be important for the re-
establishment of CesAs at the plasma membrane after stress [26]. The recently reported 
Cellulose synthase-Microtubule Uncoupling (CMU)1 to 3 appear to stabilize the cortical 
microtubules, which prevent lateral displacement of them by the motile CesA complexes 
[27*]. Another protein family that contributes to the relationship between the CesAs and 
microtubules is the recently identified Companion of Cellulose Synthase (CC)1 to 4 [28**]. 
The C-terminal part of these proteins may interact with the CesAs while the N-terminal parts 
can bind to microtubules. Interestingly, the N-terminal part protects the cellulose producing 
capacity of the CesAs during adverse conditions, including salt stress, by promoting 
microtubule re-establishment during salt exposure [28**]. This study therefore provided a 
new member of the CesA complex that act as a protecting device for the plant to maintain 
cellulose synthesis during abiotic stress conditions. Apart from the CSI1/POM2 and the CC 
proteins, several other proteins affect cellulose synthesis, including CTL1, COBRA, TED6 
and 7, and KORRIGAN [29-32]. Recently, KORRIGAN, which is an endo-1,4-glucanse, was 
shown to be part of the CesA complex [33-36]. These studies added further clues to how 
KORRIGAN might work in cellulose synthesis. 
Much effort is undertaken to better understand structural features and the 
stoichiometry of the CesAs in the CSC in plants. Expression of the cytoplasmic domain, 
which holds the putative catalytic site, of CesAs has yielded structural estimates of this part of 
the proteins [37,38]. However, the conclusions of these studies differ, and it is certainly 
plausible that the lack of the transmembrane domains surrounding the cytoplasmic domain 
influences the structures. Hence, robust structural estimates, similar to those for the bacterial 
catalytic subunit of cellulose synthase [16**], remain wanting. The CesA complex has 
traditionally been depicted as containing 36 CesA subunits [4]. This model has been 
challenged through several studies that have estimated that cellulose microfibrils typically 
contain about 18 to 24 cellulose chains (e.g. [39*,40]). Hence, the CesA complex may hold 18 
to 24 CesA subunits, assuming that all CesAs actively make cellulose chains (Fig. 1). These 
data are in agreement with recent freeze fracture transmission electron microscopy analyses 
that argue for a six-fold trimeric CesA assembly [41]. Nevertheless, it will be important to 
verify these estimates by directly observing the number of CesA subunits in the complex. A 
recent elegant study used variable-angle epifluorescence microscopy (VAEM) in combination 
with quantitative photo-bleaching to enable optical assessment of the CesA3 stoichiometry in 
CesA complexes in epidermal hypocotyl cells of Arabidopsis [42]. By using a step-detection 
algorithm this study estimated the number of GFP-CesA3 molecules to be at least 10 in one 
CesA complex [42, 4]. Still, these estimates are likely low because the imaged plants were 
only in a partial-loss-of-function mutant (i.e. not a null mutant) and thus a portion of each 
complex might be comprised of non-fluorescent CesA3 molecules. Given that the CesA 
complexes appear to contain equimolar heterotrimeric CesAs, i.e. 1:1:1 of CesA1, 3 and 6-
like CesAs and of CesA4, 7 and 8 in primary and secondary wall CesA complexes, 
respectively [43,44] the VAEM photo-bleach study [42] supports 36 CesA subunits per 
complex. However, it remains to be seen how these data will compare against EM-based 
work, if all CesA subunits in the complex are active, and if there are cell, tissue and species 
dependent differences of CesA complex size (Fig. 1). 
Cellulose Synthase Internalization: Once the CesA complex has produced a cellulose 
microfibril it will need to be removed from the plasma membrane to allow for new CesAs to 
commence synthesis. This would entail stalling the complexes, severing of the cellulose 
chains from the CesAs, and internalization of the complex. Very little is known about these 
processes; however, it appears that the complexes can be internalized via clathrin mediated 
endocytosis (CME). Subunits of the canonical adaptor protein complex AP2 can interact with 
the CesAs in vitro and in yeast [45], and mutations in AP2µ may cause an over-accumulation 
of CesAs at the plasma membrane. In addition, components of the newly identified TPLATE 
complex [46] may work with the AP2 complex to facilitate CesA internalization [47]. While 
these data support an internalization of the CesAs via CME, direct evidences, e.g. via 
visualization of co-internalization of the CesAs and CME components, have not been 
reported. 
Cellulose Microfibrils in the Wall: Traditionally, the cell wall was modelled as a 
µWHWKHUHG QHWZRUN¶ ZKHUH LQGLYLGXDO FHOOXORVH ILEULOV ZHUH VHSDUDWHG EXW DOVR PHFKDQLFDOO\
linked by pectins and hemicelluloses into a quasi-homogenous load bearing mesh [1,48]. 
Various conflicting results have provided a revised model including cellulose-cellulose 
MXQFWLRQVWHUPHGµELRFKHPLFDOKRWVSRWV¶[49]. Using atomic force microscopy (AFM) on cell 
walls of onion scale epidermis; these hotspots were made up of cellulose fibrils that merge 
into each other and that form a reticulated network. Randomly distributed on the µm-scale, 
these hotspots render cell wall stiffness and adhesiveness to be inhomogenously distributed on 
the nm-scale [50*]. Thus, the cell wall may not be accurately modelled using purely 
molecular models but instead need to incorporate meso-scale characteristics such as the 
packing, bundling, and orientation of cellulose fibrils, as well as the interaction between 
sequentially stacked lamellae. Super-resolution imaging of cellulose fibrils using total internal 
reflection fluorescence (TIRF) microscopy combined with direct stochastic optical 
reconstruction microscopy (dSTORM, [51]), a fast evolving localization microscopy 
technique, allowed visualization of cellulose fibrils in onion bulb epidermal cells [52] by the 
use of the cellulose-specific dye Pontamine Fast Scarlet 4B (S4B, also called Direct Red 23, 
[53]). Here, the authors were able to visualize individual and branching cellulose fibrils with a 
lateral resolution below 100 nm on the outer epidermal cell wall, which indicated that 
microfibrils can aggregate during cell wall restructuring. While these efforts are clear 
improvements on confocal imaging of cell wall components, they remain well above the limit 
to resolve cellulose nanofibrils estimated by AFM to be in the range of three to four nm wide 
[50*]. 
This is also true for the ȕ-1,3-glucan callose, the only other plant cell wall polymer 
that is directly synthesized at the plasma membrane. This may suggest similar mechanisms of 
biosynthesis; however, in contrast to cellulose biosynthesis, the knowledge of callose 
biosynthesis is still very limited.   
 
Callose Synthesis 
Unlike cellulose, callose is relatively sparsely produced in plants, ranging from about 0.3% 
(of total cell wall content) in Arabidopsis to about 5% in the energy crop Miscanthus x 
giganteus [54*]. Indeed, callose is produced mainly in specialized cell walls, which might 
explain the expansion and cell- or tissue-type specific expression of the GSL gene family 
members, comprising 12 members in Arabidopsis [55]. The GSLs fall into two major groups 
[55]: i) the ones contributing to fertility and cell division (GSL1, GSL2, GSL6, GSL8, 
GSL10) and ii) those that provide structural cell wall reinforcement (GSL5, GSL7, GSL12). 
The function of the remaining four GSLs has not been clarified. Similar to the CesAs, GSLs 
are integrated into the plasma membrane, with a putative preference for detergent-resistant 
membrane regions [56], and are predicted to contain 14 to 16 transmembrane domains [57].  
 Callose Synthase Assembly and Trafficking: The extent to which GSLs may form 
oligomers is not known; however, it is hypothesized that a CalS complex might contain a 
monomeric GTPase, UDP-glucose transferase (UGT), annexin, and sucrose synthase that may 
interact with the hydrophilic, intracellular loop of the GSLs [58]. These data are in part based 
on experiments on green algae [58] and Arabidopsis in which GSL6 was partially purified 
with the cell-wall associated proteins, phragmoplastin, and UGT1 [59]. More recently, a 
direct interaction of the stress-induced GSL5, also known as POWDERY MILDEW 
RESISTANT (PMR) 4, with the GTPase RabA4c was confirmed by in planta FRET 
(Förster/Fluorescence resonance energy transfer) and pull-down experiments [60]. It is 
plausible that the CalS complex is assembled in the ER, as indicated in tobacco pollen tubes 
[61*], and trafficked via the TGN to the plasma membrane [61*,62]. Vesicle trafficking of the 
CalS complex may also sustain translocation of plasma membrane-localized GSLs to sites of 
attempted pathogen penetrations where callose is deposited in so-called papillae for cell wall 
reinforcement [63]. In Arabidopsis, plasma membrane-based GSL5 was re-located to sites of 
papillae formation via vesicle-like bodies [64**]. Whether trafficking of CalS complexes is 
mediated by multi-vesicular bodies, as indicated from studies with barley [65*], and involves 
trafficking guided by actin filaments, as indicated in pollen tubes [61*], will, however, require 
further corroborations. The Arabidopsis GSL10 [66], GSL12 [67], and GSL5 [68-73] may be 
phosphorylated in response to various abiotic and biotic stresses. Results from yeast suggest 
that CalS activity might depend on its phosphorylation status [74-76], but trafficking could 
also represent a target for phosphorylation-dependent regulation, supported by the interactions 
between GSL5 and RabA4c in Arabidopsis [60].  
Callose Microfibrils in the Wall: A common model of callose synthesis favoured a 
deposition of this glucan in the paramural space between the pre-existing cellulosic cell wall 
and the plasma membrane (Fig. 2). This model was mainly supported by analysis of callose 
deposition by electron microscopy at forming papillae where callosic papillae expanded to the 
cytosol [77]. Recent application of dSTORM prompted re-consideration of this model. 
Combined use of the dye S4B [53] and the callose-specific dye aniline blue fluorochrome 
(ABF) [64**,78] facilitated three-dimensional, nanoscale cell wall images that revealed a 
direct interaction of cellulose and callose microfibrils within the area of forming callosic 
papillae, induced by pathogenic powdery mildew in Arabidopsis leaves [79**]. These results 
suggest a permeation of callose fibrils through internal cell wall nanopores, which would 
require a gel-like condition of callose that may be pH dependent [80]. Overexpression of 
GSL5 enhanced callose deposition at these interaction sites [64**] and expanded the 
cellulose/callose network, and led to formation of a callose layer on top of the pre-existing 
cellulosic cell wall structure [79**,80]. Interestingly, the formation of cellulose/callose 
networks, and layered cellulose/callose cell wall architecture, is not restricted to interaction 
sites with invading pathogens, but is also found in unchallenged leaf tissue of maize (Zea 
mays) and M. giganteus where it might represent an evolutionary adaption to environmental 
conditions. Indeed, dSTORM analysis revealed a clear, layered cellulose/callose architecture 
in cell walls of epidermal leaf cells, which are directly exposed to the environment [54*].  
 
Outlook 
The complexity of the cell wall has already received considerable attention from various 
sources of confocal and super-resolution microscopists. Nevertheless, firm understanding of 
the architecture of the walls and how the synthesis occurs will require studies on length scales 
below the diffraction limit. However, many of the super-resolution imaging areas are still in a 
phase of proofing applicability of techniques, and are typically not routinely used. Whereas 
dSTROM was used to visualize and reconstruct glucan polymers, live cell imaging of 
corresponding protein complexes in planta has not been achieved. Here, it is imperative that 
this microscopy improves speed of image acquisition, which has hampered plant cell biology 
applications. It is encouraging that localization microscopy is compatible with conventional 
fluorophores [81-83], and it should be possible to use existing lines with labelled CesAs and 
CalS. Here, it will be interesting to investigate whether also the CalS moves during callose 
deposition similar to what has been observed for the CesAs. Likewise, AFM might prove 
suitable to also detect callose architecture and to put such estimates in context to the recently 
reported cellulose networks. This may lead to the identification of other sites where cellulose 
and callose fibrils coincide to form glucan networks apart from those that have already been 
reported. 
Although being an established method among mammalian researchers, TIRF 
microscopy has had limited success in the plant field. This is mainly due to the cell wall being 
relatively thick (>250 nm) and comprised of layers with variable refractive indices. Recent 
advances in live-cell imaging revealed that adaptive optics may be used to partly compensate 
for those aberrations [84], which should open up new and affordable ways of looking at the 
cell wall in detail. Together, these approaches offer interesting ways to approach cell wall 
biology and will certainly provide more mechanistic insights into cellulose and callose 
synthesis. 
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Figure legends: 
 
Figure 1. Cellulose synthase and synthesis. Left panel: Cellulose is produced by large 
cellulose synthase (CesA) complexes at the plasma membrane. The CesA complex is 
assembled in the Golgi, or possibly the Endoplasmic Reticulum, with the aid of the recently 
described STELLO proteins. The CesA complex is secreted/internalized to/from the plasma 
membrane via the Trans-Golgi Network and/or small CesA compartments that can interact 
with microtubules or the actin cytoskeleton (indicated by dashed lines). The CesA complex is 
inserted next to cortical microtubules and guided via CSI1/POM2 along the microtubules, 
which are stabilized by CMU proteins, during cellulose synthesis. The Companion of CesA 
(CC) proteins are part of the CesA complex and protect the cellulose producing capacity 
against environmental stress. The endo-glucanase KORRIGAN also partake in the CesA 
complex and may contribute to correct microfibril formation or in the severing of cellulose 
chains during or after synthesis. Several CesA subunits may be phosphorylated, which 
regulates the behaviour of the CesA complex. Right panel: The CesA complex has 
traditionally been anticipated to contain 36 CesA subunits; however, recent estimates of 
cellulose fibril width have suggested that the complexes may contain only 18 or possibly 24 
CesA subunits. Alternatively, the CesA complex still holds 36 subunits, but not all of them 
are active.  
 
Figure 2. Model of cellulose/callose polymer network formation. Cellulose/callose  
polymer network formation has been observed i) in unchallenged plant epidermal leaf cells of 
maize and Miscanthus where this layered network is exposed to the external environment; and 
ii) at infection sites of plant epidermal leaf cells of Arabidopsis where the stress-induced 
callose synthase GSL5 is responsible for callose synthesis and its deposition in defense-
related papillae (e.g. induced by fungal pathogens through attempted penetration along 
infection hyphae). Super-resolution microscopy suggests a spatial and temporal coordination 
of cellulose and callose synthesis to form a layered glucan polymer network in unchallenged 
maize and Miscanthus leaf tissue. Here, cellulose/callose cell wall architecture seems to be a 
general cell wall adaption or modification, which is not stress-induced. In contrast, stress-
induced cellulose/callose polymer network formation follows a sequential glucan synthesis 
where callose microfibrils would be deposited in the paramural space between the pre-
existing cellulosic cell wall from where they migrate via nanopores through the cellulosic cell 
wall to form the callosic papilla. Ongoing cellulose synthesis outside the infection area is 
assumed.  
  
  
 
